The standard approach presently followed by NASA to qualify electric propulsion for the required mission throughput has been based largely on life tests, which can be costly and time consuming. Revised electric propulsion lifequalification approaches are being formulated that combine analytical and/or computational methods with (shorter-duration) wear tests. As a model case, a wear test is being performed at JPL to assess the lifetime of the discharge hollow cathode in the Xenon Ion Propulsion System (XIPS © ), a 25-cm ion engine developed by L-3 Communications Electron Technologies, Inc. for commercial applications. Wear and plasma data accumulated throughout this life-assessment program are being used to validate the existing 2-D hollow cathode code OrCa2D. We find that the OrCa2D steady-state solution predicts very well the time-averaged plasma data and the keeper voltage after 5500 hrs of operation in high-power mode. When the wave motion that occurs naturally in these devices is accounted for, based on an estimate of the maximum wave amplitude, the molybdenum-keeper erosion profile observed in the XIPS © discharge cathode is also reproduced within a factor of two of the observation. When the same model is applied to predict the erosion of a tantalum keeper we find that erosion is reduced by more than two orders of magnitude compared to the molybdenum keeper due the significantly lower sputtering yield of tantalum. A tantalum keeper would therefore allow keeper lifetimes that greatly exceed the present requirements for deep-space robotic missions considered by NASA. Moreover, such large reduction of the erosion renders the largest uncertainties in the models, which are associated with the wave amplitude estimates and the electron transport model, negligible. 
I. Nomenclature

III. XIPS © Discharge Hollow Cathode Plasma and Wear Assessments
A. Basic Description of the Device and Related Data
The DHC investigated in this paper is the same cathode that is currently being wear-tested at JPL, and is part of a cathode assembly that has been provided by L-3 ETI (Fig. 2, left) . 9 The assembly consists mainly of an impregnated tungsten emitter, a cathode tube and orifice plate, keeper electrode, heater and cathode-to-keeper insulator. Table 1 provides basic operational characteristics of the DHC in the 25-cm XIPS © . The cathode wear test is being conducted in a vacuum facility that is 1 m in diameter and 2 m in length, and is pumped by two 25-cm diameter cryogenic pumps. The base pressure is typically 1.3×10 -4 ** By "full life test" we imply here a test that runs until cathode failure. In contrast, a "wear test" is in general of shorter duration and does not necessarily lead to full wear of a component or components and/or until cathode failure. † † Dimensions and other critical information are not shown hereinafter due to propriety restrictions. Pa (1×10 -6 Torr) and the range of xenon pressure during cathode operation is 2.7-4×10 -3 Pa (2-3×10 -5 Torr). The DHC operates in a discharge chamber that has been designed to simulate the environment in a ring-cusp ion engine (Fig. 2, right) . The DHC keeper plate is made of molybdenum-rhenium (Mo-Re). A more detailed description of the wear test facility and cathode performance over the first 4100 hrs is provided in Ref. 5 . The recent status of the test is described in Ref. 6 .
B. 2-D Computational Model of the Partially-Ionized Gas in the DHC
General description of the OrCa2D computational model
The two-dimensional computational model, Orificed Cathode (OrCa2D), used for DHC plasma simulations and wear predictions has been described in detail in previous articles 7, 8 and will only be described briefly here. The model solves the conservation laws for three species present in the partiallyionized gas: electrons, xenon ions and xenon neutrals. In previous simulations of the NSTAR DHC plasma we computed a double-to-single ionization ratio of less than 3% along the keeper. 8 At such low ratios the exclusion of doubly-charged ions from the conservation laws will not affect a plasma solution that assumes singly-charged only, and this is shown to be the case for the XIPS DHC also in a later section. It is therefore assumed that only singly-charged ions are present and that the ionized species satisfy quasi-neutrality. Later, we also quantify the presence of Xe ++ in the XIPS DHC and assess their effect on keeper erosion. The equations of continuity and momentum for ions, and the momentum equation for the electrons, are solved directly to yield the plasma particle density, ion and electron current densities. The combination of the electron and ion continuity equations yields the current conservation law, which is solved implicitly in OrCa2D to obtain the plasma potential. All relevant elastic and inelastic collision frequencies are included in the transport terms. Also, the models of the collision frequencies allow for the enhancement of the collision cross-sections from electrons with high drift energy. 10 The electron temperature is obtained from the electron energy transport equation, which includes thermal diffusion, energy losses due to ionization and the work done on the electrons by the electric field. The ions and neutrals are assumed to be in thermal equilibrium at temperature T h inside the cathode and a single equation is employed for the conservation of energy of the heavy species. The orifice plate temperature is set equal to the peak emitter temperature. The keeper plate temperature is set to 400 o C based on previous test observations. 11 Sheath boundary conditions are applied at the cathode wall boundaries that include thermionic emission from the emitter based on a fit to the measured temperature profile, 5 as shown in Fig. 3 .
The neutral gas density is determined by the neutral gas continuity equation that includes the ionization source term for Xe + . Inside the cathode the neutral gas viscous momentum equations are solved by a fluid approach, while downstream of the cathode orifice entrance a collisionless method is employed to obtain the neutral gas density. 10 The "fluid" and "collisionless" regions are coupled at the transition line, which in the XIPS © DHC simulations is located at the entrance to the cathode orifice. The numerical approach 
Orifice entrance
for the neutral gas fluid momentum equation uses an upwind finite volume scheme by applying first-order upwind fluxes across each edge with no flux-limiting.
The computational region employed for the DHC simulations is illustrated in Fig. 4 . It spans the cathode interior, cathode and keeper orifices, and the cathode's near-plume and far-plume/anode regions. The computational mesh consists mostly of rectangular cells inside the cathode but transitions to a generalized grid arrangement in the plume region. During the XIPS © DHC wear test the thruster magnetic field was emulated using current-carrying coils. This same magnetic field distribution has been implemented in the DHC numerical simulations also, and is shown in Fig. 4 . 
OrCa2D model enhancements
Two new advances have been made to the OrCa2D physics models. First, a new algorithm has been developed that allows for keeper current collection with self-consistent determination of the keeper voltage characteristics. The keeper current and sheath boundary conditions for the electron and ion current densities are specified as follows:
where φ p -V K is the voltage drop across the sheath. The plasma potential at the grid cell center located adjacent to the wall boundary is denoted by φ p . In the new OrCa2D algorithm an iterative procedure has been added that allows for the determination of V K based on a prescribed value of the keeper current.
When φ p ≤V K it is assumed that the sheath is (fully) ion-repelling and no ion flux to the wall is allowed, and electron collection is not allowed to exceed the electron thermal flux, j e,th =n e (8k B T e /πm e ) ½ /4.
Second, a revised anomalous resistivity model has been employed that determines (rather than assumes) the coefficient and ratio of electron-to-ion temperature ratio (T e /T i ) based on a sonic condition for the electrons. Specifically, the anomalous resistivity η α is given by, where α´≡αT e /T i , and α´ is now determined by iteration such that the maximum Mach number of the electron flow, M e =u e /u T,e , does not exceed unity. The computed M e -contours for the XIPS © DHC in HP mode are shown in Fig. 6 ; for the case shown it is determined that α´=1.879×10 -3 . The expression in Eq. (2), with coefficient α being a proportionality constant, has been based on the well-known Sagdeev formula for ion-acoustic turbulence 12 and in previous DHC simulations it was implemented with an ad hoc cap because the ratio T e /T i in the plasma-fluid simulation becomes exceedingly high. This is because the transformation of wave energy into heat of the ion population is not yet self-consistently taken into account since the energy transfer mechanism is not yet known. As an alternative to a cap on the resistivity we propose here that if electrons are extracted from the cathode at a Mach number that exceeds unity wave motion that gets excited in the plasma saturates in short time scales compared to ion motion, into (low-frequency) ion-acoustic turbulence to retain the electron Mach number to values below unity. The saturation occurs by the pumping of wave energy into electron and ion heating. The approach is phenomenological and requires further experimental validation (extended to measurements beyond those presented herein) and rigorous mathematical confirmation. Specifically, the simplifying assumptions associated with Eq. (2) in the presence of an applied magnetic field, the manner with which T e /T i is accounted for in the conservation laws, and possible deviations from the Maxwellian velocity distribution function must be investigated further. Nevertheless, based on comparisons with the existing plasma data, the computed steady-state solution captures well the overall trends associated with the time-averaged plasma measurements both axially and radially (near the keeper), as it will be shown in the next section. Later, it will also be shown that the erosion of the keeper can be reduced by more than two orders of magnitude with a change in material, so that the impact of the aforementioned uncertainties in the steadystate solution is negligible. 
C. Model Results and Validation with the Test Data
Comparisons between OrCa2D results, plasma measurements and circuit characteristics
In this section we present both axial and radial comparisons between the OrC2D results and plasma measurements taken at JPL facilities. Both single Langmuir and emissive probes have been used to obtain the data. A description of the diagnostics and experiment setup has been reported in previous articles. 13, 14 The axial profiles of the plasma density and potential in the cathode plume are compared in Fig. 7 . Discrepancies in the axial gradients are noticeable and are largely a consequence of the fixed ratio of T e /T i assumed in the anomalous resistivity model throughout the plume plasma. Moreover, the precise evolution of the plasma beyond a few keeper diameters from the keeper exit, beyond the electron sonic point, is not yet thoroughly understood. Nevertheless, based on the direct comparisons with plasma measurements below, the time-averaged conditions in the vicinity of the keeper are determined by OrCa2D to be within the experimental uncertainty: at the keeper exit, on-axis, the measured plasma density and the computed value are within a factor of two (Fig. 7, left) , the on-axis plasma potential is within 4.4% of the measured value nearest to the keeper exit (Fig. 7, right) , and radially, a few mm downstream of the keeper surface the computed value is within 7.5% of the time-averaged measurement (Fig. 8) . In the radial direction, the computed plasma potential and electron temperature are plotted in Fig. 8 at the axial location of the keeper exit. Also plotted are plasma potential measurements taken with a radially-scanning emissive probe that allowed for the detection of plasma oscillations. As with the axial Langmuir probe, the emissive probe was driven pneumatically into the plasma. The probe signal was fed to a high-impedance, high-frequency circuit and to a buffer amplifier to detect oscillations in the signal. The system was capable of detecting frequencies up to 1 MHz. Two sample rates are plotted in Fig. 8 , 500 kHz and 20 kHz, to distinguish between regions dominated by high oscillation frequencies and those with low frequencies. The oscillation amplitude appears to peak at a radial location that is about ¼ of the keeper face above the inner radius, which is where the model also predicts the highest electron temperature. As it will be shown in the next section, capturing the radial dependence of the oscillation amplitude through the electron temperature is critical since the erosion of the keeper is driven largely by the enhancement of the energy of ions bombarding the wall as a result of the oscillations. That is, for a fixed time-averaged plasma potential the erosion rate is highest when the oscillations are of the highest amplitude. In the erosion model the amplitude is accounted for through "A": the peak value (measured in multiples of k B T e ) that the plasma potential reaches above its time-averaged value.
Finally, Fig. 9 shows the computed keeper circuit characteristics and Fig. 10 depicts the observed trends of the wear test during which the cathode was operated at a discharge current that ranged 18-21 A. The various segments shown in Fig. 10 are described in detail in Refs 5 and 6. For the nominal keeper current of 1 A in HP-mode OrCa2D predicts V K =7.1 V, which is within ~5% of the latest (5500-hr) value of the keeper voltage observed in the wear test, 7.5 V. 
Predictions of keeper erosion and comparisons with wear-test observations
In this section we apply to the XIPS © DHC the same physics-based algorithm 8 used to predict the erosion of the DHC in the NSTAR 30-cm ion thruster and the same sputtering yield data (Fig. 11) . 15, 16 The model asserts that the sputtering yield associated with the keeper material is effectively enhanced by the ion-acoustic turbulence that takes place in the plasma adjacent to the keeper face, because the ions that bombard the surface acquire additional energy from such wave motion. The effective ion energy at any given radial location adjacent to the keeper is assumed to consist of a time-averaged value ε i´ and a sinusoidal term with amplitude Ak B T e representing the enhancement by the plasma waves:
Noting that in such case the instantaneous sputtering yield based on the time-averaged ion energy does not equal the time-averaged yield based on the instantaneous ion energy, we estimate the latter by averaging over all angles in the range 0-2π (with 1-degree increments) as given by Eq. (4). The consequence of Eqs. (3) and (4) is to increase significantly the sputtering yield (by a few orders of magnitude in some cases depending on the wave amplitude), and to reduce the sensitivity of the yield on the ion energy (Fig. 11) .
The left plot in Fig. 12 depicts the erosion profile of the XIPS © DHC Mo-keeper as observed after ~5500 hrs of wear testing at JPL. The top photograph in Fig. 12 -right is a front view of the cathode at beginning of life (BOL) and the bottom is an angled-view picture taken after ~1300 hrs of operation showing a noticeably textured keeper-plate front surface. The computed plasma potential and ion flux to the keeper are used to predict the erosion of the Mo-keeper, compare with the observed profile, and then predict the erosion of a keeper made of tantalum (Ta), which has a considerably lower sputtering yield compared to molybdenum. The fits shown in Fig. 11 (extended to low-energy values where no data exist) have been used in the erosion calculations. The normalized spectroscopic data for the Ta yield have been used in these calculations. 
-0
The results of the erosion calculations are shown in Fig. 13 . The Mo-keeper results used the same wave amplitude, A=4.5, that was used in the NSTAR DHC erosion predictions and are shown in the left. The choice of A here requires further explanation. A detailed empirical study 17 of the plasma dynamics in the near-plume of the NSTAR DHC showed that the presence of turbulent oscillations in this region persisted for all operating conditions. The NSTAR DHC has the same cathode tube diameter, keeper orifice and keeper outer diameter as the XIPS DHC, but the cathode orifice diameter is 2¼ smaller in the NSTAR DHC. The range of frequencies observed was relatively large, 0.1-2 MHz, and the observed fluctuation level varied; the maximum amplitude that was measured exceeded 5 times the local electron temperature. These fluctuations were found to be incoherent, that is, their frequency (among others) changed randomly. Although some general trends regarding frequency, amplitude, operating condition and cathode geometry have been reported 17 the random nature of these oscillations challenges theoretical as well as empirical means by which unambiguous correlations between oscillation amplitudes and geometrical or operational variables may be established. Moreover, in light of the strong dependence of the sputtering yield on the ion energy, which is largely enhanced by the wave motion, the accuracy with which any such correlations can be established is unlikely to yield erosion predictions that are better than a factor of two. So, here we choose the value A=4.5 because it is close to the highest amplitude factor that has been measured in these DHCs, thereby yielding the worst-case scenario for erosion of the XIPS DHC, and because this value closely re-produced the erosion profile that was observed in the NSTAR DHC. To assess the sensitivity of the erosion prediction on our choice of A, an erosion profile for a value that exceeds the maximum observed is also presented. It will be shown later that the uncertainty in the prediction of A has negligible impact on our ability to demonstrate that the expected life of the keeper is more than adequate for NASA science missions because a change in the keeper material from Mo to Ta, for the same operating conditions, yields an erosion rate that is at least two orders of magnitude less than Mo. For A=4.5, the largest discrepancy between prediction and observation is ~50% and occurs near the inner radius of the keeper orifice, at the front face, where the highest-amplitude oscillations are observed (see Fig. 8 ). As alluded to above, due to the inherent randomness associated with the incoherent fluctuations, the precise amplitude of the oscillations in this region is uncertain and may in fact vary throughout the operation of the cathode. To quantify the sensitivity of the result on A, the predicted profile for amplitude that is one k B T e higher than the original value is plotted in Fig. 13 . It should also be noted that the enlargement of the keeper orifice by the erosion usually leads to accelerated erosion rates because the plasma potential increases in this region. This effect was shown in previous work with the NSTAR DHC. 8 Loss of electron collisionality as a result of the enlargement would also lead to enhanced plasma oscillations in this region that would further increase the erosion rate. Using the same wave amplitude, A=4.5, the predicted erosion profiles for the Mo-keeper and a Ta-keeper are compared in Fig. 13 after 85 khrs. The comparison shows that the erosion of a Ta-keeper is more than two orders of magnitude less than that of a Mo-keeper at the plate outer face, and more than three orders of magnitude less at the keeper orifice. To cause the same erosion in the Ta-keeper after 85 khrs, the amplitude factor A would have to be 10-12 k B T e , implying peak plasma potentials of almost 100 V; such values have never been empirically observed in the NSTAR or XIPS DHCs. 19 for the e+Xe + Xe ++ reaction that have been averaged over a Maxwellian distribution function, we determine the ratio of the ionization rates given in Eq (1) below. A comparison between α + and α ++ is given in Fig. 14 . The ionization ratio in the keeper region is shown in Fig. 15 We begin with the general momentum equations for the three charged species. For slow-moving particles the inertia terms may be neglected to obtain for electrons, Xe + and Xe ++ respectively: 
with the ion temperature expressed in eV. We recall the equation for the ion current density assuming singly-charged ions only (n e =n i + ) ( ) (8) and note the appearance of the first and last terms in the right-hand-side of Eq. (6) Xe (charge-exchange) frequency. It can easily be shown then that for the singly-charged ion flow as well as for all other relevant plasma properties the presence of Xe++ of a few percent relative to Xe+ will not alter the existing solution that is based on the assumption of a singly-ionized plasma. We therefore compute the Xe++ ion flow based on the existing solution for the plasma by solving two additional conservation equations: Xe++ continuity, n t (9) and Xe++ momentum. We use Eq. (4) to obtain an expression for the flux of doubly-charged ions as follows: In contrast to the case of singly-charged ions we note that ν ii ++ is proportional to the singly-charged ion density n i + . We provide a quantitative comparison between ν ii ++ and ν in + along the axis of symmetry in Fig. 16 (ν in ++ is estimated to be ~0.7ν in + based on collision cross-sections measurements of Miller and Pullins 20 ) . Two results are shown for ν ii ++ to provide a range that represents the possible ion temperatures that can exist in the cathode. The comparison in Fig. 16 is important for two reasons: first, the ion-ion collision frequency cannot be neglected in the Xe ++ flow regardless of whether T i =T n or T i =T e , and second, if the ions are in thermal equilibrium with the neutrals then the doubly-charged ion flux is largely driven by the singly-charged ion flux, as shown by the comparison of the two flow fields in Fig. 17 , since the importance of the remaining terms in Eq. (10) is greatly reduced. For the case of ions in thermal equilibrium with electrons, the ion-ion collision frequency may be comparable to the charge-exchange collision frequency and the remaining terms may be greater. The latter case is in consideration of previous hypotheses that the ion temperature may be greater than the neutral gas temperature as a result of the ionacoustic wave motion. The contribution of the Xe++ to the erosion is shown in Fig. 18 and all relevant values at a representative location (Point 1 on Fig. 18 ) are tabulated in Table 3 . 
Cathode orifice
Finally, when the same erosion model is applied to the cathode orifice, with A=4.5 and Xe+ only, we predict comparable erosion rates between the keeper orifice (~1×10 -4 mm/hr) and the cathode orifice (~0.85×10 -4 mm/hr), with the plasma potential ranging between 12 V and 13 V (Table 3) in the cathode orifice region (Fig. 19) , and the cathode voltage V C taken to zero. However, enhancement of the erosion by plasma oscillations is unlikely in this region since classical collisions begin to prevail over wave motion in determining electron transport as suggested by the comparison of "collision" frequencies along the axis of symmetry in Fig. 5 ; under this scenario plasma waves would be damped. For A=0 the predicted erosion rate in the cathode orifice is more than three orders of magnitude less than for A=4.5. It is however probable that enhanced erosion due to plasma oscillations will occur if significant erosion of the keeper is permitted. The latter can be avoided by using a Ta-keeper. IV. Conclusions The OrCa2D computational model of the partially-ionized produced by hollow cathodes has been applied to predict the plasma conditions and the erosion of the electrodes in the 25-cm XIPS DHC after 5500 hrs of wear testing. The OrCa2D predictions of the plasma conditions at various cathode locations have been compared with measurements during operation in HP mode. Considering the uncertainty associated with the electron transport in the cathode plume and the rudimentary resistivity model used to account for plasma oscillations, the comparison appears to be very good. This suggests that the proposed global picture regarding the saturation of wave motion into low-frequency turbulence to reduce the electron Mach number below the sonic conditions, while retaining a relatively uniform ratio of electronto-ion temperature in the near plume, is not unfeasible in these devices. OrCa2D also predicts within 5% the keeper voltage for the nominal keeper current of 1 A.
In regards to wear, the life model based on the OrCa2D plasma results predicts closely the erosion profile that has been observed on the keeper in an ongoing wear test of the DHC, and is within ~50% of the maximum face erosion when the wave amplitude factor A is of the same value (4.5) as that used to predict the erosion of the keeper in the DHC of the NSTAR 30-cm ion engine. The value A=4.5 has been chosen in these calculations because it is close to the highest amplitude factor that has been measured in these DHCs, thereby yielding the worst-case scenario for erosion of the XIPS DHC, and because this value closely re-produced the erosion profile that was observed in the NSTAR DHC. Future work will focus on the determination of a theoretical limit for the maximum value of the wave amplitudes to reduce the uncertainty and improve our understanding, thereby further reducing the risk associated with keeper wear. From a more practical viewpoint, such work would be merely academic: this paper suggests that the uncertainty in the prediction of A has negligible impact on our ability to demonstrate that the expected life of the keeper is more than adequate for NASA science missions because a change in the keeper material from Mo to Ta, for the same operating conditions, yields an erosion rate that is at least two orders of magnitude less than Mo.
In summary, the analysis presented in this paper accomplishes two main goals. First, it raises our confidence in the 2-D model and on our understanding of the keeper wear mechanism by reproducing, within the experimental uncertainty, plasma measurements at various axial and radial locations, as well as the keeper voltage. The keeper wear for the XIPS DHC is also re-produced within ~50% of the observed maximum. The XIPS DHC is the second cathode for which a variety of plasma measurements and the keeper erosion profiles have been closely re-produced thereby further reducing the risk associated with our understanding of this failure mechanism. Second, the work identifies the largest uncertainty in predicting keeper wear -the wave amplitude A -and illustrates that a change in the keeper material renders this uncertainty insignificant based on the life requirements of NASA science missions.
